Quantum anomaly is a fundamental feature of chiral fermions. In chiral materials the microscopic anomaly leads to nontrivial macroscopic transport processes such as the Chiral Magnetic Effect (CME), which has been in the spotlight lately across several branches of physics. The quark-gluon plasma (QGP) created in relativistic nuclear collisions provides the unique example of a chiral material consisting of intrinsically relativistic chiral fermions. Potential discovery of CME in QGP is of utmost significance and extensive experimental searches have been carried out over the past decade. A decisive new collider experiment, dedicated for possibly detecting CME in the collisions of isobars, has been performed in 2018 with analysis underway. In this paper, we develop the necessary and state-of-the-art theoretical tool for describing CME phenomenon in these collisions and propose an appropriate isobar subtraction strategy for the best background removal. Based on that, we make quantitative predictions for signatures of CME in the collisions of isobars.
I. INTRODUCTION
The investigation of novel quantum transport in chiral materials is a rapidly growing area of research that has attracted significant interests and activities recently from a broad range of physics disciplines such as high energy physics and condensed matter physics. Chiral materials are many-body quantum systems that consist of massless fermions (i.e. chiral fermions) that are either fundamental particles or emergent quasi-particles behaving as chiral fermions. A notable example of the former, is the so-called quark-gluon plasma (QGP) which is a new phase of hadronic matter existing at primordially high temperatures available in the early Universe and which is now recreated in laboratories by high energy nuclear collisions. The novel examples of the latter, include the latest discovered topological phases of condensed matter systems known as Dirac and Weyl semimetals. For recent reviews, see e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
The most salient feature of chiral fermions is the chiral anomaly under the presence of gauge interactions. Chiral materials manifest such microscopic quantum peculiarity through unique macroscopic anomalous transport properties in highly nontrivial ways. Quantum transport processes that are forbidden in normal environment become possible (and necessary) in such chiral materials. A famous example among this type of anomalous chiral transport is the so-called Chiral Magnetic Effect (CME), predicting the generation of an electric current in chiral materials as response to an applied magnetic field. The CME is a remarkable example as a new kind of quantum electricity that one may tentatively call "magne-tricity". * houdf@mail.ccnu.edu.cn † liaoji@indiana.edu
The observation of CME in various physical systems is of fundamental importance. In semimetal systems the CME-induced transport has been measured via observables like negative magnetoresistance [11] [12] [13] [14] . In the subatomic chiral material, i.e. the quark-gluon plasma created in relativistic nuclear collisions, enthusiastic efforts have been made to look for evidences of CME at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . While lots of measurements have been accumulated so far from RHIC and LHC with encouraging hints, the interpretation of these data remains inconclusive due to significant background contamination -see detailed discussions in e.g. [26, 27] .
An unambiguous observation of CME in the subatomic system would not only be the first confirmation of this novel effect in a chiral material of intrinsic relativistic fermions, but also provide tantalizing experimental verification for the high-temperature restoration of a spontaneously broken global symmetry (the chiral symmetry) which is a fundamental prediction of the basic theory for strong nuclear force known as Quantum Chromodynamics (QCD). It would additionally open a unique window for characterizing the intriguing topological fluctuations of gluon fields -the non-Abelian gauge fields of QCD. Given such importance, a decisive isobaric collision experiment has been carried out in the 2018 RHIC Run, with the dedicated physics goal of discovering the CME [28, 29] . The basic idea is to contrast the CMEsensitive observables in two different colliding systems, the RuRu and the ZrZr, where the Ru and Zr are a pair of isobars with the same nucleon numbers (A = 96) but different nuclear charges (Z = 44 and Z = 40 respectively). The expectation is that the two systems will have the same background contributions while quite different CME signals due to the difference in their nuclear charge and thus magnetic field strength. This experiment offers the unique opportunity to detect CME in such collisions and currently the data analysis is actively underway.
The present work focuses on quantitative predictions for the signatures of CME in the isobaric collision experiments. For that purpose, we develop a state-of-the-art tool and the first of its kind, the EBE-AVFD (event-byevent anomalous-viscous fluid dynamics), that can characterize CME signals from dynamical anomalous transport as well as account for background correlations in a realistic heavy ion collision environment. With this powerful tool, we compute CME observables and present results that shall soon be tested by experimental measurements. The rest of this paper is organized as follows. A detailed discussion of methodology will be given in Section II. The main results, namely predictions for a number of CME observables in isobaric collisions, will be presented in Section III. We conclude in Section IV.
II. METHODOLOGY
In the context of heavy ion collisions, the Chiral Magnetic Effect induces an electric current along the magnetic field arising mainly from the fast-moving spectator protons. The azimuthal orientation of this field is approximately perpendicular to the reaction plane (RP) [30] , and therefore the CME current will lead to a charge separation across the reaction plane. Such a charge separation can be measured by the charge asymmetry in azimuthal correlations of same-sign (SS) and oppositesign (OS) charged hadron pairs. There are however charge-dependent correlations from backgrounds other than the CME that would contribute substantially to the relevant observables, with resonance decays and local charge conservation (LCC) being dominant sources. To unambiguously extract a clean CME signal from the background-contaminated measurements has proven extremely challenging. To resolve such pressing issue and pave the way for potential discovery of CME would require: (1) a sophisticated and realistic simulation framework that can quantitatively characterize backgrounds and predict the signatures of CME; (2) an experimental analysis approach to subtract out backgrounds in a model-independent way. In the following, we discuss our methodology that would address these requirements.
A. The EBE-AVFD Framework
In relativistic heavy ion collisions, the dynamical evolution of the produced bulk matter has a dominant hydrodynamic stage that is well modeled by relativistic viscous fluid dynamics [31, 32] . In order to quantitatively describe CME-induced signatures in these collisions, one needs to account for the anomalous charge transport current in the dynamically evolving bulk fluid. Conventional fluid dynamics does not include such macroscopic chiral effect and a new framework is needed. The theo-retical foundation of anomalous fluid dynamics has been laid down in [33] . Based on that, a fluid dynamical realization of CME transport in modeling heavy ion collisions has been achieved through the development of the Anomalous-Viscous Fluid Dynamics (AVFD) framework [34, 35] . The AVFD provides the unique and versatile simulation tool for quantitative computation of CME-induced charge separation. Important features of CME signals have been characterized with AVFD simulations [34] . (We note in passing that there have also been efforts in simulating CME signals based on nonhydrodynamic models [36] [37] [38] .)
The AVFD framework can be briefly summarized as follows [34] . It describes the charge transport by solving the fluid dynamical evolution of the fermion currents (i.e. the quark currents of various flavors and chirality) in the system perturbatively on top of the neutral bulk fluid evolution as specified by the space-time dependent temperature field T (x µ ) and fluid velocity field u ν (x µ ). The corresponding fluid dynamical equations, including both usual viscous transport and new anomalous transport for these fermion currents, take the following form:
where χ = ±1 labels chirality for RH/LH currents and f labels different quark flavors with their respective electric charge Q f and with color factor N c = 3. It should be particularly emphasized that the new term a µ χ,f defined in Eq.(3) implements explicitly the CME current. Its sign changes with the chirality χ, which reflects the feature of anomalous transport where the direction of the CME current is opposite for RH and LH particles. The E µ = F µν u ν and B µ = 1 2 µναβ u ν F αβ represent the external electromagnetic fields in fluid's local rest frame. In the above the projection operator is ∆ µν = (g µν − u µ u ν ) where u µ is the fluid velocity field, and the differential operator isd = u µD µ withD µ as the covariant derivatives in the coordinates (τ, x, y, η) commonly used for heavy ion collisions. The fermion densities n χ,f and corresponding chemical potential µ χ,f are related by lattice-computed quark number susceptibilities c f 2 (T ) [39] . It is also worth emphasizing that the above framework includes the normal viscous transport currents ν µ χ,f at the second-order of gradient expansion, which is important for providing a realistic and quantitative description of charge transport in consistency with the background bulk flow which is also described by the 2nd-order viscous hydrodynamics. Two transport coefficients (characterizing normal viscous effects) are the nor-mal diffusion coefficient σ and relaxation time τ r . The bulk fluid fields T (x µ ) and u ν (x µ ) are determined from widely-adopted and data-validated hydrodynamic simulations like VISHNU [31] and MUSIC [32] .
However, a few crucial elements were missing in the aforementioned AVFD framework. First, the background correlations that make dominant contributions to the measured observables are not implemented. Second, event-by-event fluctuations are known to play very important roles in various heavy ion collision observables and must be accounted for in order to make realistic and quantitative predictions. Third, for collision energies at RHIC, a hadron cascade stage following the fluid dynamics evolution is also known to be necessary for accurately computing various observables. These missing key elements prevent one from making reliable predictions for the important isobaric collision experiments.
In the present work, we've successfully addressed these outstanding challenges by developing a new powerful tool called Event-By-Event Anomalous-Viscous Fluid Dynamics (EBE-AVFD). In the EBE-AVFD, the initial state fluctuations are fully accounted for by event-wise sampling for bulk entropy density and the fermion axial charge density. Following the end of hydrodynamic stage for each bulk event evolution, hadrons are sampled by maintaining charge conservations and then further evolved through hadron cascade stage via URQMD simulations. This framework for the first time allows a quantitative and consistent evaluation of both CME signals and background correlations within the same realistic bulk evolution. The EBE-AVFD represents the stateof-the-art tool for reliable predictions of various CMErelated measurements in heavy ion collisions.
We end with a brief remark on the magnetic field in these collisions, which plays a central role for inducing the CME signal in QGP. The initial vacuum magnetic field, mainly from spectators reaching peak values on the order of pion-mass-square (or ∼ 10 13 Tesla, has been well modeled on event-by-event basis in great details (see e.g. [30] ). Its subsequent time duration is however uncertain at the moment, with lots of efforts to constrain it via theoretical calculations and phenomenological extractions [30, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . In this work, we adopt a phenomenologically tested parameterization B(τ ) = B 0 /[1 + (τ /τ 0 ) 2 ] (where B 0 the peak value from initial state simulations) with a reasonable lifetime parameter τ 0 = 0.6 fm/c [47, 48] .
B. Comparison Strategy for Isobaric Collisions
The key for success of the isobaric contrast idea, is to make sure that one has two collections of collision events from RuRu and ZrZr systems respectively that must be identical in their bulk properties (in particular the multiplicity and elliptic flow v 2 ). In conventional analysis one would select events based on centrality (i.e. multiplicity) and then compare RuRu with ZrZr systems at same centrality. The underlying assumption would be that they would have identical bulk flow and background correlations. It turns out that such assumption may not be entirely true. Recent simulations of initial geometry in these collisions suggest potential difference at a few percent level in their elliptic eccentricity (even within the same centrality class) due to uncertainty in the nucleon distributions in the isobar pair of nuclei [50, 51] . This presents enough of concern which may complicate the supposedly "clean" comparison between the isobars at quantitative level, especially given the rather small CME signal. To address this important issue and to ensure a successful isobar contrast, we propose a new strategy for comparing the isobaric systems, namely to use a joint (multiplicity + elliptic flow) event selection method [51] . We demonstrate the effectiveness of this strategy with event-by-event simulations of initial conditions.
In Fig. 1 we first examine the usual centrality class event selection by showing the comparison between the initial conditions of RuRu versus ZrZr collisions based on that method: left panel for relative difference in eccen-
Zr . The simulations are performed with Monte-Carlo Glauber model, for three different Woods-Saxon (WS) nucleon distributions: WS for the spherical case, WS1 for the case of more quadrupole deformation in Ru nucleus while WS2 for the case of more quadrupole deformation in Zr nucleus [28] . As one can see from Fig. 1 , within a given centrality class and depending on specific nucleon distributions, the two systems could still have a few percent level of difference in their elliptic eccentricity (especially toward central and semi-central collisions) which is directly related to the expected difference in their background correlations. Their relative difference in magnetic field strength, which drives the signal, is at the level of 10 ∼ 25%. The "separation" between ∆ 2 and ∆(B sq ) is about one order of magnitude, which may or may not be enough. This critically depends on the signal-to-background ratio in the correlation observables. If the signal fraction would be very small, then contrasting the isobar pairs may not work well with the conventional centrality selection.
We now examine the proposed joint (multiplicity + elliptic-flow) event selection method for selecting and comparing two truly identical collections of isobar events. This can be done by the following procedure applied identically to RuRu and ZrZr collisions: (a) first binning all events according to multiplicity (or equivalently centrality), (b) then applying a further geometric cut on eccentricity 2 (or equivalently on final state elliptic flow v 2 ) cut for the events within a given centrality. Note practically the cut range should be chosen to be around the mean values of that centrality with a span that is not too narrow to ensure enough statistics while not too wide, so as to select the "most typical" events for a given centrality and to drop out the "weird events" from unusual fluctuations. The important point is to apply the same multiplicity and geometry selection for both RuRu and ZrZr events. As a test of this idea, we use the same set of initial condition samples as that of Fig. 1 above and apply the proposed cut on the initial entropy (as proxy for multiplicity) and eccentricity (as proxy for v 2 ). With the so-selected event samples, we compare again the relative difference between RuRu and ZrZr systems: see Fig. 2 . As one can see: the relative difference in geometry ∆ 2 is now reduced to the level of ∼ 0.1% between the two isobars while that in magnetic field ∆(B sq ) remains at the 10 ∼ 25% level. The "separation" between the two has now become about two orders of magnitude for all centrality and the contrast between RuRu and ZrZr are most likely able to reveal potential magnetic-field-driven CME signal despite our imperfect knowledge about the initial nucleon distributions.
We have extensively verified the effectiveness of this proposed comparison strategy based on joint (multiplicity + elliptic flow) event selection for a variety of different nucleon distributions beyond just the Woods-Saxon types. This strategy has also been validated directly with the final state events generated from our AVFD simulations. In the following, we will adopt this strategy and make predictions for various observables.
III. PREDICTIONS FOR ISOBARIC COLLISIONS
In this section, we present the EBE-AVFD predictions for isobaric collisions based on the aforementioned comparison strategy. Here we focus on collision events corresponding to the usual 40 ∼ 50% centrality range and have generated ten millions of collision events for each of the RuRu and ZrZr systems. For each system, EBE-AVFD simulations are done for 10 5 different hydrodynamic initial profiles, with 100 hadron cascade events following each hydrodynamic profile. We apply the identical joint cut for charged particle multiplicity N ch and elliptic flow v 2 : 65 ≤ N ch |y|<1 ≤ 96 and 0.05 < v 2 < 0.25 for both systems. The v 2 is measured for charged particles in the kinematic region 0.15 < p T < 2GeV and |y| < 1 with event-plane (EP) determined from reference particles in the rapidity range 1.5 < |y| < 4.0. This procedure selects about 44% of all the simulation events we generated. As a consistency check, we have compared the measured charged particle multiplicity and v 2 distributions of the post-selection events: both RuRu and ZrZr events are found to be identical, with the same average N ch = 80.4 and standard deviation 8.5 as well as with the same v 2 = 0.1132 and standard deviation 0.046. This procedure thus guarantees the same background contributions for the isobar pairs. We also note that the v 2 cut has the added benefit of improving eventplane resolutions.
With the selected events we then perform physical analysis of various CME-motivated correlation observables. Specifically we propose to examine the absolute difference between RuRu and ZrZr systems in these observables. Such a procedure of taking the absolute difference would simply subtract out the background portion (which is guaranteed to be identical between the isobars by the proposed event-selection). What potentially remains from such subtraction would be the pure CME signal (or more precisely the difference in the CME signal between RuRu and ZrZr systems).
Before proceeding to show concrete results, we point out a few characteristic features that would expected for a pure CME signal (obtained only after removal of backgrounds from usual contaminated correlations via isobar subtraction). The strength of such a signal as revealed in charge-dependent correlators shall be quadratically dependent on the amount of initial axial charge. The correlations from such a signal shall be along the magnetic field direction which is on average along the out-of-plane direction but azimuthally fluctuates around it [30] . Specifically the signal's orientation would have different degrees of correlation with the so-called eventplane (EP) geometry and the reaction-plane (RP) geometry. These features would provide very useful validation of the EBE-AVFD predictions for isobaric collisions, as we shall demonstrate below.
A. Charge-Dependent Azimuthal Correlations
The charge transport due to CME current will lead to a charge separation along the magnetic field direction in the fireball created in heavy ion collisions. It is this charge separation effect that one tries to measure with various azimuthal correlation observables. The frequently used γ-correlator is defined as [52] :
where Ψ 2 should ideally be the reaction plane (RP) but is practically identified via the 2nd harmonic event plane (EP) as an experimental proxy. 
Similarly one can examine δ OS−SS = δ OS − δ SS . A pure CME-induced charge separation dipole would contribute to the above correlators as :
where a 1 is the event-wise charge separation dipole from CME transport along the magnetic field direction Ψ B and the factor cos (2Ψ B − 2Ψ 2 ) captions the azimuthal decorrelation between Ψ B and bulk geometry orientation Ψ 2 . However, CME contributions could not be easily extracted from current measurements of γ and δ correlators due to dominant non-CME background contributions [53] [54] [55] [56] [57] [58] [59] [60] [61] . This is where the isobar contrast would be uniquely valuable in providing a direct access to pure CME signals after background subtraction procedure discussed in the previous section. Specifically, we will focus on their difference: γ OS−SS Ru−Zr = γ OS−SS RuRu − γ OS−SS ZrZr and δ OS−SS Ru−Zr = δ OS−SS RuRu − δ OS−SS ZrZr . We emphasize that once backgrounds are removed, both γ and δ correlators are sensitive to the presence of CME contributions.
In Fig. 3 (upper panel) we show predictions from EBE-AVFD simulations for observables γ OS−SS Ru−Zr and δ OS−SS Ru−Zr with respect to event-plane (EP) geometry (i.e. Ψ 2 → Ψ EP ), for four different levels of initial axial charge density n 5 (normalized by the initial entropy density s of bulk hydrodynamics) at n 5 /s = 0%, 5%, 10% and 20% respectively. The error bars are statistical uncertainty from simulations which are mainly limited by number of AVFD events and thus by available computation time. We note that the expected isobar analysis statistical uncertainty could be smaller than our simulations by nearly an order of magnitude based on the collected isobar events and therefore would have significant capability to differentiate a nonzero signal from a null result. While the level of initial axial charge presents the major source of theoretical uncertainty, the quantitative consistency between γ and δ correlators would provide sufficient validation of CME-signal and help constrain the initial axial charge.
The CME-induced correlations are expected to depend quadratically upon the initial axial charge density n 5 . The simulation results indeed clearly show such a trend. In Fig. 3 (lower panel) we present a quadratic fitting to the simulation results, which are also summarized below:
The above results have further motivated us to propose a new observable ζ isobar built from the ratio between the two correlators after isobar subtraction:
The advantage of this ratio is that it is independent of the (uncertain) initial axial charge and therefore could provide a robust test of CME. We note this ratio essentially "picks up" the azimuthal de-correlation factor cos (2Ψ B − 2Ψ EP ), which is also computed from our simulation events to have an average value about 0.46 and found to be quantitatively consistent with the magnitude of the above ratio. We emphasize again, that these features are specific to pure CME signal and are manifested only by virtue of isobar subtraction that would remove all backgrounds.
B. Reaction Plane versus Event Plane
It was proposed recently that comparing correlators measured with respect to reaction plane (RP) and to event plane (EP) could provide a useful way to help decipher CME signal [58] . The point is that the magnetic field and thus the CME-induced charge dipole have different degrees of azimuthal de-correlations with RP and with EP. The difficulty with the RP measurements is that in principle the RP is a theoretical concept and one has to use certain experimental proxy for it like the spectator plane (to be inferred from e.g. ZDC component of STAR detector). Nevertheless it would be interesting to examine correlators with respect to RP. In Fig. 4 (upper panel) we show predictions from EBE-AVFD simulations for observables γ OS−SS Ru−Zr and δ OS−SS Ru−Zr with respect to reaction-plane (RP) geometry (i.e. Ψ 2 → Ψ RP ), for four different levels of initial axial charge density n 5 (normalized by the initial entropy density s of bulk hydrodynamics) at n 5 /s = 0%, 5%, 10% and 20% respectively. Compared with the EP results in Fig. 3 , the γ correlator becomes larger due to a stronger correlation between magnetic field direction and the RP, and the δ correlator is identical between the RP and the EP as one would expect. In Fig. 3 (lower panel) we present a quadratic fitting to the simulation results for the RP measurements, which are also summarized below:
The RP result for the ratio observable ζ isobar is:
The magnitude of the ratio from RP is about twice that from EP. This is again quantitatively consistent with the azimuthal de-correlation factor in the RP case, i.e. cos (2Ψ B − 2Ψ RP ) which has an average value about 0.95. A series measurements of these correlators and the proposed ratios with respect to both EP and RP would provide a set of stringent tests for validating and constraining the exist of CME signals in isobaric collisions.
C. Event-Shape Dependence
One way of revealing the background contributions in the "raw" correlators (e.g. un-subtracted γ-correlator) is to examine how the correlators change with the eventwise geometry of the bulk matter [19] . This can be experimentally done by the so-called event-shape-engineering method. By grouping events in a given centrality into different bins based on elliptic flow cuts and measuring the correlators in each bin, one indeed observes a clear dependence of γ-correlator on bulk v 2 which is not a feature of CME but a feature of several identified background sources. The event-shape analysis provides a possible way of separating backgrounds from CME signal.
A pure CME signal, on the other hand, should be (nearly) independent of event shape. This can provide an additional important consistency check on the CME signal to be derived from isobar subtraction. In Fig. 5 we show EBE-AVFD results for the dependence of observables γ OS−SS Ru−Zr and δ OS−SS Ru−Zr on event shape. In this analysis, we use three identical bins for RuRu and ZrZr systems: v 2 ∈ (0.01, 0.055), v 2 ∈ (0.055, 0.11) and v 2 ∈ (0.11, 0.30). We've checked that the average multiplicity and elliptic flow in each bin are identical between the isobars. The correlators are then measured in each bin and subtracted between isobars to produce the results in Fig. 5 . We indeed observe that both γ and δ correlators are nearly independent of the event shape. One could quantify this dependence via a linear fitting for γ γ mid−bin versus v2 v2 mid−bin (and similarly for the δ). The extracted slopes are (0.18±0.98) for γ and (−0.08±0.41) for δ, both consistent with being zero.
D. The R-Correlator
Finally we present the EBE-AVFD results for a different category of correlator, the R-correlator proposed in [62, 63] . This correlator is built via multiple steps. For a given event, one first examines the distribution C (∆S) for a charge dipole ∆S along out-of-plane direction (with respect to EP) normalized by the same distribution obtained from the same event after random shuffling of charges. One then examines a similar distribution C ⊥ (∆S) along the in-plane direction. In the last step one takes a ratio between the two: R(∆S) = C (∆S)/C ⊥ (∆S). This correlator has been demonstrated with quantitative simulations to have certain advantages in suppressing the background correlations. Whether all background correlations would be completely removable in such a correlator, remains unclear at the moment.
To make predictions for isobaric collisions, we again examine the isobar-subtracted correlator: [R Ru (∆S) − R Zr (∆S)] which shall be background free. In Fig. 6 we show the EBE-AVFD results for the R-correlator distributions for n 5 /s = 0%, 5%, 10% and 20% respectively. As one can see, the R-correlator (after isobar subtraction) is basically flat for the none-CME case (n 5 /s = 0%) while becomes more and more upward concave with in-creasingly strong CME signal. A precise measurement of the R-correlator with enough statistics should provide a further independent and important validation for the presence of CME signal. (color online) Predictions from EBE-AVFD simulations for the R-correlator distributions for n5/s = 0%, 5%, 10% and 20% respectively (see text for details).
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IV. CONCLUSION
In summary, this paper has performed a systematic and quantitative study for the search of Chiral Magnetic Effect in quark-gluon plasma through the isobaric collision experiment at RHIC. To do that, we've developed the necessary and state-of-the-art theoretical tool for describing CME phenomenon in these collisions: the event-by-event anomalous-viscous fluid dynamics (EBE-AVFD) framework. We've also proposed and validated via simulations the best strategy to make isobar subtraction and achieve the best background removal. Based on that, we've made quantitative predictions for a series of charge-dependent azimuthal correlation observables as CME signatures in the collisions of isobars. Such predictions are readily testable and shall soon be verified by anticipated experimental measurements that may likely become available in the next year or so.
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